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In the standard model and many of its extensions, it is well known that all of the observables associated with
the rare decaysb→sg and b→sl 1l 2 can be expressed in terms of the three Wilson coefficients
C7L,9L,10L(m;mb), together with several universal kinematic functions. In particular, it has been shown that
the numerical values of these coefficients can be uniquely extracted by a three-parameter global fit to data
obtainable at futureB factories given sufficient integrated luminosity. In this paper we examine if such global
fits are also sensitive to new operators beyond those which correspond to the above coefficients, i.e., whether
it is possible that new operators can be of sufficient importance for the three-parameter fit to fail and for this
to be experimentally observable. Using the left-right symmetric model as an example of a scenario with an
extended operator basis, we demonstrate via Monte Carlo techniques that such a possibility can indeed be
realized. In some sense this potential failure of the global fit approach can actually be one of its greatest
successes in identifying the existence of new physics.@S0556-2821~98!09021-3#

PACS number~s!: 13.20.He, 12.60.Cn

I. INTRODUCTION

Rare decays of heavy quarks which do not occur at the
tree level in the standard model~SM! can provide a unique
opportunity for new physics to reveal itself. When such de-
cays occur through loops, the participating SM particles and
those associated with the new interaction are placed on the
same footing and may yield comparable contributions to the
various decay amplitudes. In these cases it may be possible
to isolate such additional contributions and learn something
about the detailed nature of the new physics scenario.

Among the rare decays involvingb quarks, two of the
cleanest and most well understood inclusive processes are
b→sg and b→sl 1l 2. At present, the branching fraction
for the b→sg mode has been measured by CLEO@1# to be
B(b→sg)5(2.3260.5760.35)31024, while a preliminary
result from ALEPH@2# yields the value (3.3860.7460.85)
31024. On the other hand, there exist only upper bounds for
the decayb→sl 1l 2; the strongest constraint at present is
the 90% C.L. limit B(b→sl 1l 2),4.231025 @3# from
CLEO, which is obtained by combining both their dielectron
and dimuon data samples. As we will see below, this is only
a factor of ;6 above the expectations of the SM for this
branching fraction so that we may expect this decay to be
observed in the near future.

In the SM and in many of its extensions@including, e.g.,
fourth generation models, models with an extra down-type
quark, supersymmetry~SUSY!, extended Higgs sectors,Z8
scenarios, theories with large anomalous gauge boson cou-
plings, etc.#, the phenomenology of both of these rare pro-
cesses above are almost completely determined by the nu-
merical values of the Wilson coefficients of only a small set
of operators evaluated at the scalem;mb . In our somewhat
unconventional notation these are denoted asC7L,9L,10L(m).
At the weak scale the operators corresponding to these coef-
ficients arise in the SM from the usualg and Z penguin
diagrams as well asW box diagrams. It has been successfully
argued in the literature@4# that by combining observables
associated with both theb→sg andb→sl 1l 2 processes, a

model-independent three-dimensional global fit can be per-
formed to numerically determine the values of these three
Wilson coefficients. Indeed, given sufficient statistics at fu-
ture B factories, this approach leads to only rather modest
uncertainties in the fitted values of these coefficients, allow-
ing us to test the SM and look for new physics. We note that
only the magnitudeuC7L(m)u can be extracted from theb
→sg transition so that its sign would remain undetermined
from this channel alone even if infinite precision were avail-
able. For the observables associated with theb→sl 1l 2

decay, all three of the coefficients contribute and therefore
their relative signs as well as their magnitudes can be ex-
tracted from the data when combined with our knowledge of
B(b→sg).

In some ways the determination of these three Wilson
coefficients via a global fitting procedure in rareB decays is
similar to the searches for new physics in precision elec-
troweak measurements@5# through the use of the oblique
parametersS,T,U @6#. As the reader may recall, in the SM
~for a reference value of the top quark and Higgs boson
masses!, these parameters are all identically zero. For certain
classes of new physics, such as a fourth generation of quarks
and leptons, fits to precision data would then lead to some
consistent set of nonzero values for these parameters with a
good x2. Of course, if these parameters are found to be
nonzero and it is also found that different precision observ-
ables yielded statistically distinctS,T,U values, then we
would necessarily conclude that the new interactions are not
describable by the oblique corrections alone.~As is well
known, any class of new interactions that induce significant
flavor-dependent vertex corrections, such as aZ8, cannot be
portrayed solely in terms ofS,T,U.! Such a situation would
provide a unique window on the complex nature of the new
physics scenario.

It is then obvious that when sufficient statistics become
available in the not too distant future for this type of analysis
of rare B decays to be performed, there are only three pos-
sible outcomes.~i! The numerical values for the coefficients
are found to agree with the SM expectations with a goodx2.
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In this case the new physics is decoupled and either higher
precision data or searches elsewhere are necessary to un-
cover it.~ii ! A quality fit is obtained, but the values one finds
for the three Wilson coefficients are far from the SM expec-
tations inx2. This is the result usually discussed and antici-
pated in the literature@4# in the set of extended models listed
above.~iii ! As with the case of precision measurements, the
last possibility is potentially the most interesting and the one
we are interested in here: the value ofx2 for the best three-
parameter fit is found to be very large and cannot be ac-
counted for by an underestimation of systematic uncertain-
ties. This represents in some sense a failure of the model-
independent approach in that it is clear that the true
numerical values of the three Wilson coefficients are not be-
ing extracted from the data. However, another point of view
is that this result is in fact this approach’s greatest triumph
since it is telling us that the new interactions necessarily
involve an extension of the operator basis to includenew
operators beyond the usual set. This implies that the new
physics scenario is richer than any of those in the list above.

Thus the question we wish to address here is whether new
physics which does involve new operators in an extended
basis can indeed manifest itself as a poor fit when we have
the freedom to vary the three coefficients to obtain a good
x2. @Of course,uC7L(m)u cannot be freely varied by too
large an amount due to the reasonable agreement between
the present data and SM expectations for theb→sg decay
rate as discussed below.# The purpose of this paper is then
to demonstrate this result by providing an existence proof
that a new physics scenario of the desired type not only
exists, in the form of the left-right symmetric model~LRM!,
but that it leads to poor values ofx2 in the global fit when
only the usual three operators are employed. The point we
wish to stress here is not the particular physics of the LRM
or any other specific model, but that the existence of an
extended operator basis can indeed manifest itself in the
poorness of the three-parameter fit given reasonable inte-
grated luminosities. We note, however, that without further
analysis the failure of the fit itself will not yield information
on which new operators would need to be introduced. We
further note that the LRM is of course not the only new
physics scenario with an extended operator basis@7#.

The outline of this paper is as follows. In Sec. II we
overview the status of the various pieces necessary for cal-
culations of theb→sg andb→sl 1l 2 decay rates and dis-
tributions in the SM. In Sec. III we provide a background on
the basics of the LRM and the parameters it contains which
are relevant for the processes of interest here. We discuss
and generate several possible forms of the right-handed
Cabibbo-Kobayashi-Maskawa~CKM! weak mixing matrix
VR following a systematic approach that maintains unitarity
and wherein agreement with experimental constraints can be
easily accommodated. Next, we set up the LRM calculations
for these decays and demonstrate that many LRM parameter
space regions exist wherein the rate forb→sg is essentially
the same as in the SM. The general formulas for theb
→sl 1l 2 double-differential distributions are discussed,
and it is shown that the LRM yields distinct results for ob-
servables associated with this decay even when theb→sg

rate duplicates the SM expectation. In Sec. IV we discuss our
Monte Carlo approach and generate a large number of data
samples corresponding to each of the several models dis-
cussed in the previous section. We demonstrate that for high
luminosities, corresponding to 53108 BB̄ pairs, typical of
samples available at hadron colliders, the resulting fits to the
conventional three Wilson coefficients lead to very largex2

values which clearly signal the failure of the fit. For lower
luminosities, now corresponding to 53107 BB̄ pairs, typical
of samples to be available atY(4S) machines, thex2 values
are also found to be quite large in most, but not all, cases. A
discussion of these results and our conclusions can be found
in Sec. V.

II. RARE DECAYS IN THE STANDARD MODEL

In order to be convinced that new physics has indeed been
discovered, it is necessary that the predictions for the rates
and other observables associated with these decays in the SM
be on firm ground. In particular, calculations of the decay
rates and, in the case ofb→sl 1l 2, kinematic distributions
have become increasingly sophisticated within the SM con-
text. A ‘‘straightforward’’ next-to-leading-order~NLO! cal-
culation finds B(b→sg)5(3.2860.33)31024 @8#. How-
ever, the inclusion of 1/mb

2 and 1/mc
2 corrections @9#

increases this value by about 3%. A further enhancement of
about 3% occurs when one systematically disregards any of
the next-next-to-leading-order~NNLO! terms @10#. While
closer to the central value of the preliminary ALEPH mea-
surement, these predictions are certainly consistent with the
present CLEO data. For purposes of simplicity, in our nu-
merical analysis below we make direct use of the NLO result
and ignore these additional small correction terms. This ap-
proximation will have no impact on our conclusions. One
may anticipate that in the next few years this theoretical un-
certainty may shrink to as low as 5% as the various input
parameters are better determined. A comparable experimen-
tal determination of this branching fraction may also be pos-
sible at futureB factories since the measurements will be
limited only by systematics. We willassumebelow that the
SM value for this branching fraction is essentially realized
by future experiments within the experimental and theoreti-
cal uncertainties.

In the case ofb→sl 1l 2, a complete short-distance
NLO calculation has been available for some time@11# and
the 1/mb

2 correction terms are also known@12#, but provide
only very small modifications. One of the remaining difficul-
ties is the inclusion of nonperturbative long-distance pieces
associated with theJ/c and c8 resonances and the corre-
sponding 1/mc

2 corrections. Here some modeling uncertain-
ties remain and the traditional approach has been to treat the
resonance contributions phenomenologically, which is not
without some difficulties@13#. However, at least in the re-
gions sufficiently below and above the resonances~i.e., s
5q2/mb

2<0.3 or>0.6, whereq2 is the invariant mass of the
lepton pair!, Buchalla, Isidori, and Rey@9# have shown that
the heavy quark expansion in terms of 1/mc

2 leads to reliable
predictions with only small corrections to the NLO results
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and that there are no difficulties associated with double
counting. In the same kinematic regions the phenomenologi-
cal resonance models give comparable numerical predic-
tions. In many extensions to the SM, the 1/mc,b

2 and resonant
contributions are either of the same form as in the SM or can
be easily obtained via suitable modifications of the SM
terms, and we employ these results in our analysis below.
We note that the SM predicts a branching fraction forb
→sm1m2 of .631026, which is not too far from the
present upper bound.

In order to obtain the complete parton-level NLO predic-
tions for these two processes in the SM~or in other models!,
several steps are necessary. First, the complete operator basis
must be determined at the high~matching! scale, typically
taken to beMW . Second, the matching conditions for the
coefficients of the operators at the high scale must be calcu-
lated at both LO and NLO. Third, the anomalous dimension
matrices for the relevant operators at both LO and NLO are
determined and the coefficients are evolved to them;mb
scale via renormalization group equations~RGEs!. Last, at
the scalem the matrix elements of the relevant operators
need to be computed through NLO. For the SM all of these
pieces are now essentially in place for both theb→sg and
b→sl 1l 2 decays after an enormous amount of labor. Un-
fortunately, the corresponding results only partially exist for
most of these pieces in almost all extensions to the SM@14#.

III. LEFT-RIGHT MODEL

A. Model background

In order to be self-contained we briefly review the rel-
evant parts of the LRM needed for the discussion below; for
details of the model, the reader is referred to Ref.@15#. The
LRM is based on the extended gauge group SU(2)L
3SU(2)R3U(1) and can lead to interesting new effects in
the B system@16#. Because of the extended gauge structure,
there are both new neutral and charged gauge bosonsZ8 and
WR

6 in addition to those present in the standard model. In this
scenario the left-~right-! handed~LH, RH! fermions of the
SM are assigned to doublets under the SU(2)L(R) group and
a RH neutrino is introduced. The Higgs fields which can
directly generate SM fermion masses are thus in bidoublet
representations; i.e., they transform as doublets under both
SU~2! groups. The LRM is quite robust and possesses a large
number of free parameters which play an interdependent role
in the calculation of observables and in obtaining the existing
constraints on the model resulting from various experiments.

As far asB physics and the subsequent discussion are
concerned, there are several parameters of direct interest,
most of which result from the structure and spontaneous
symmetry breaking of the extended gauge sector. The ratio
of the SU(2)R and SU(2)L gauge couplings is bounded by
0.55,k5gR /gL<2, where the lower limit is a model con-
straint and the upper one is simply a naturalness assumption.
WhereasgL is directly related toe as usual through sin2uW,
gR is unconstrained except through the definition of electric
charge and naturalness arguments; grand unified theory
~GUT! embedding scenarios generally suggest thatk<1. For

simplicity, we assumek51 in most of our discussion below.
The SU(2)L3SU(2)R3U(1) extended symmetry is broken
down to the SM via the action of Higgs fields that transform
either as doublets as discussed above or, also, possibly as
triplets under SU(2)R . This choice of Higgs representation
determines both the mass relationship between theZ8 and
WR ~analogous to the condition thatr51 in the SM! as well
as the nature of neutrino masses. In particular, the Higgs
triplet choice allows for the implementation of the seesaw
mechanism and yields a heavy RH neutrino. We assume trip-
let breaking below so that theZ8 mass is completely speci-
fied by theWR mass and the value ofk.

After complete symmetry breaking theWL and WR

bosons mix, this mixing being described by two parameters,
a real mixing anglef and a phasev. Note that it is usually
tf5tanf which appears in expressions directly related to
observables. The additional phase, as always, can be a new
source ofCP violation. However, in discussing processes in
which the RH neutrinos do not participate, as is the case inB
decays, this angle can be thought of as an overall phase of
the right-handed CKM matrixVR , and we will subsequently
ignore it. The mixing betweenWL and WR results in the
mass eigenstatesW1,2, with a ratio of massesr 5M1

2/M2
2

~with M2.MR!. In most modelstf is then naturally of order
a few timesr, or less, in the largeM2 limit. Of course,W1 is
the state directly being produced at both the Fermilab Teva-
tron and CERNe1e2 collider LEPII and is identical to the
SM W in the limit f→0. We note that whenf is nonzero,
W1 no longer couples to a purely LH current. Of course, if a
heavy RH neutrino is indeed realized, then the effective lep-
tonic current coupling toW1 remains purely LH as far as low
energy experiments are concerned. As is well known, one of
the strongest classical constraints on this model arises from
polarizedm decay@17#, which is trivial to satisfy in this case.

It is important to recall that the extended Higgs sector
associated with both the breaking of the full LRM gauge
group down to U(1)em and with the complete generation of
fermion masses may also play an important role in low en-
ergy physics through the existence of complex Yukawa
and/or flavor-changing neutral-current-type couplings. How-
ever, this sector of the LRM is highly model dependent and
is of course quite sensitive to the detailed nature of the fer-
mion mass generation problem. For purposes of brevity and
simplicity these too will be ignored in the following discus-
sion and we will focus solely on the effects associated with
W1,2 exchange.

Additional parameters arise in the quark sector. In prin-
ciple, the effective mass matrices for the SM fermions may
be non-Hermitian, implying that the two matrices involved in
the biunitary transformation needed to diagonalize them will
be unrelated. This means that the elements of the mixing
matrix VR appearing in the RH charged current for quarks
will be unrelated to the corresponding elements ofVL
5VCKM . ThenVR will involve three new angles as well as
six additional phases all of which area priori unknown pa-
rameters. Needless to say, the additional phases can be a
further source ofCP violation. The possibility thatVL and
VR may be unrelated is often overlooked when considering
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the potential impact of the LRM on low energy physics and
there has been very little detailed exploration of this more
general situation. Clearly, as the elements ofVR are allowed
to vary, the impact of the extended gauge sector onB physics
will be greatly affected. Other well-known constraints on the
LRM, such as universality, the apparent observed unitarity of
the CKM matrix,B02B̄0 mixing, and theKL2KS mass dif-
ference@18#, as well as Tevatron directW8 searches@19#, are
quite sensitive to variations inVR @20#, butW2 masses as low
as 450–500 GeV can be easily accommodated by the present
data. To be safe and to keep futureW2 searches in mind,
however, we will generally assume thatM2>800 GeV for
any form of VR , implying that the magnitude oftf is less
than a few31022. In our numerical study below we will
assume various different forms forVR ; in all cases, we will
assume for simplicity that the values of the elements ofVL as
extracted by current experiment@21# are not much influenced
by the existence of the new LRM interactions. An updated
analysis on the possible general structure ofVR has yet to be
performed.

B. Forms of VR

In order to study the potential influence of the LRM onB
physics, various forms ofVR should be examined. In fact, the
possibility thatVLÞVR and thatB decays arepurely right-
handed was entertained some time ago by Gronau and Wa-
kaizumi @22#. Just how large the right-handed contribution to
b→c transitions is allowed to be within the LRM context is
not yet accurately known@23#, but may be sizable in magni-
tude with an unknown relative phase. The experimental
bounds are as follows. L3 has compared@24# their measure-
ments of both the lepton and missing energy spectra in semi-
leptonicb→c decays with a number of different hypotheses
and have excluded both the (V1A)3(V2A) and V3(V
2A) scenarios, clearly indicating that this coupling is domi-
nantly left handed. This qualitative result is confirmed by the
sign of theLb polarization observed by ALEPH@25# at theZ
pole. The strongest constraint comes from CLEO@26#, with
measurements of both the leptonic forward-backward asym-
metry as well as theD* polarization in the decayB
→D* l n. On the theoretical side, Voloshin@16# has recently
considered how significant right-handedb→c currents, at
the ;15% level, may assist in our understanding of theB
semileptonic branching fraction. In a more general context,

other forms ofVR have been discussed by Langacker and
Sankar @27# upon which we generalize in the following
analysis.

Since we are not concerned withCP violation in what
follows, for numerical simplicity we will ignore the phases
in this matrix in which case it can be completely described
by three mixing angles. Even in this limiting scenario the set
of possible forms forVR is enormous; however, it is suffi-
cient for our purposes here to simply examine some sample
forms. We will assume that each row and column ofVR
contains only one large element with a magnitude near unity
as is true for the conventional CKM matrix. In this case there
are only six matrices about which we can perturb; we write
these symbolically as

MA5S 1
0
0

0
1
0

0
0
1
D , MD5S 0

0
1

1
0
0

0
1
0
D ,

MB5S 0
1
0

1
0
0

0
0
1
D , ME5S 0

1
0

0
0
1

1
0
0
D ,

MC5S 1
0
0

0
0
1

0
1
0
D , MF5S 0

0
1

0
1
0

1
0
0
D . ~1!

For example, matrixD corresponds, in the standard CKM
parametrization@28#, to the situation wheres12, s23, andc13
are all;1. Following Wolfenstein@29#, this suggests taking
c12;ln, s13;Alm, and c23;Blp, where A,B are order
unity, n,m,p>1, andl.0.22. Of course, all these param-
eters are not arbitrary since the experimental constraints from
KL2KS and B2B̄ mixing must be satisfied. Forr<1022

and utfu<a few31022, these bounds are trivially fulfilled,
without further fine-tuning, ifp>3 andn,m>1. Forp>3, B
physics is not very sensitive to the value ofm, and so we
take for simplicityp53 andm51. This leaves us with a set
of matrices we can label asVR5D(n), for n51,2,3,... .
Table I lists the complete set of parametrizations for all six
types ofVR mixing matrices, which we arrive at by follow-
ing a similar procedure, and the constrained range of the
exponents we use in the analysis below. The values of these
powers reflect simplicity as well as that required to satisfy
the low energy experimental constraints.

TABLE I. Parametrizations ofVR in the absence ofCP violation assumingl;0.2: A andB are of order
unity, andm,n,p>1.

Matrix s12 c12 s13 c13 s23 c23 Constraints

A ln 1 Blp 1 Alm 1 n52, p53, m51,2,3
B 1 ln Blp 1 Alm 1 n52, m53, p51,2,3
C Alm 1 Blp 1 1 ln p51, m52, n51,2,3
D 1 ln Alm 1 1 Blp p53, m51, n51,2,3
E Alm 1 1 ln 1 Blp p,m>2, n>1
F Alm 1 1 ln Blp 1 p,m>2, n>4
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Note that we have not employed any constraint on the
allowed strength of the right-handedb→c coupling in our
discussion. Since these bounds are relatively complicated,
their detailed numerical impact will be discussed elsewhere
@23#, but will have the most impact in the cases of matricesC
andD.

C. Rare decay formalism

The analysis of the decaysb→sg andb→sl 1l 2 in the
LRM begins with the following extended effective Hamil-
tonian:

Heff5
4GF

&
(
i 51

12

CiL~m!OiL~m!1L→R. ~2!

TheOiL ,R are the complete set of operators involving only
the light fields which governb→s transitions. The first thing
to notice is that for convenience the conventional CKM fac-
tors in front have been absorbed into the values of the coef-
ficients themselves. This is generally a useful approach to
follow when multiple mixing angle structures appear simul-
taneously. The second point to note here is that whereas
there are only 10 local operators describingb→s transitions
in the SM, i.e.,O1L –O10L , here there are 24 operators. Ten
of the additional operators correspond to the chiral partners,
with L→R, of those present in the SM. The complete basis
for each helicity structure then consists of the usual 6 four-
quark operatorsO1 – 6L,R , the penguin-induced electro- and
chromomagnetic operators, respectively, denoted asO7,8L,R ,
as well as O9L,R;es̄L,RagmbL,Ra l̄ gml , and O10L,R

;es̄L,RagmbL,Ra l̄ gmg5l , which arise from box diagrams
and electroweak penguin diagrams. Here the indicesa label
the color structure of the operators.! In the LRM we not
only have the augmentation of the operator basis via the
obvious doubling ofL→R, but two new additional four-
quark operators of each helicity structure are also present at
the tree level due to a possible mixing between theWL,R

gauge bosons:O11L,R;( s̄agmcb)R,L( c̄bgmba)L,R and
O12L,R;( s̄agmca)R,L( c̄bgmbb)L,R . OperatorsO12L,R occur
at the tree level in a fashion analogous to operatorsO2L,R .

In evolving down from the weak scale tom;mb , these
operators mix under renormalization as usual. Fortunately,
the 24324 anomalous dimension matrices split into two
identical 12312 chiral submatrices since the operators of
each chirality do not mix under RGE evolution. The com-
plete 12312 anomalous dimension matrix at LO was first
calculated by Cho and Misiak@30#, and at NLO only the
10310 submatrix corresponding to the SM operators is pres-
ently known.

The determination of the matching conditions for the 24
operators at the electroweak scale even at LO is already
somewhat cumbersome since the LRM contains a large num-
ber of parameters and, in addition to new tree graphs, 116
one-loop graphs must also be calculated.~Additional dia-
grams due to possible physical Higgs boson exchange are not
yet included and would introduce additional model depen-
dence.! Some of these diagrams have already been calcu-
lated for the earlier analyses of the decayb→sg in the LRM

FIG. 1. Prediction for theb→sg branching fraction for the case
VL5VR and MW2

51.6 TeV as a function oftf in the LRM. The
95% C.L. CLEO ~ALEPH! allowed range lies inside the dashed
~dotted! lines.

FIG. 2. Prediction for theb→sg branching fraction for the
casesVR5A(m) ~top! and VR5D(n) ~bottom! with k51 and
MW2

50.8 TeV as a functions oftf in the LRM. The solid, dashed,
and dash-dotted curves correspond tom,n51, 2, and 3, respec-
tively. As before, the 95% C.L. CLEO~ALEPH! allowed range lies
inside horizontal the dashed~dotted! lines.
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@30#. Clearly, NLO matching conditions do not yet exist for
this model, and so we employ only the LO ones below. How-
ever, we note that the numerical size of these NLO contribu-
tions in the SM case were found to be small. In addition, one
has to separately include the new LRM contributions to the
semileptonic branching fractionBl , including both finite
mc /mb.0.29 and LO QCD corrections, since it is conven-
tionally used to normalize both theb→sg andb→sl 1l 2

decay rates.~We assume that the relevant elements ofVL
have the same numerical values in the LRM as in the SM in
our numerical calculations; this need not be the case experi-
mentally@23#.! In the case ofb→sg the required NLO real
and virtual corrections to the operator matrix elements for
the LRM are almost completely obtainable from the SM re-
sults when augmented by the new terms in the LO anoma-
lous dimension matrix and through the use of left↔right
symmetry. Additional terms arising from operatorsO12L,R
have yet to be included. Clearly, we cannot claim to be per-
forming a complete NLO treatment of the LRM case until all
of the missing pieces have been calculated. However, this
complete calculation is not necessary to demonstrate our
points, but certainly our analysis should be repeated once all
the NLO pieces are in place for the LRM. The advantage of
the present approach, however, is that when we turn off the
effects associated with the various LRM contributions to
bothb→sg andb→sl 1l 2 we recover the usual NLO SM
results.

D. b˜sg in the LRM

Using the central values of the quantitiesmt(mt)
5167 GeV, m5mb , as(MZ)50.118,mc /mb50.29, k51,
andBl50.1023, we can calculate the rate forb→sg in the
LRM using the existing pieces of the NLO calculation that
are presently available if we also provide sample values for
the quantitiesMW2

, tf , and the relevant elements of the

matrix VR . Recall that we are looking here for particular
nondecoupling regions in the LRM parameter space that es-
sentially give the same result as the SM for theb→sg
branching fraction.~We are not interested in parameter space
regions which differ only infinitesimally from the SM.! Let
us first examine the simple scenario whereVL5VR ; this is
the so-called manifest LRM. In this case, as discussed above,
the KL2KS mass difference and direct Tevatron collider
searches require thatW2 be heavy; for purposes of demon-
stration, we takeMW2

51.6 TeV so thattf5tanf is now the

only free parameter as theW2 contributions are now almost
completely decoupled. Here we note that one of the interest-
ing features uncovered by earlier analyses ofb→sg in the
LRM @30# was that left-right mixing terms associated with
tfÞ0 can be enhanced by a helicity flip factor of;mt /mb
and can lead to significantly different predictions than the
SM even in this case whereVL5VR andW2 is very heavy.

Figure 1 shows the prediction for theb→sg branching
fraction in this case, and we see that the SM result is repro-
duced whentf50, as expected, apart from a very small cor-
rection of orderMW1

2 /MW2

2 . However, we also see that a

nondecoupling conspiratorial solution occurs whentf.

20.02, which yields a result which is exactly the same as the
SM. From usingb→sg alone, the SM case and this LRM
case are indistinguishable, independent of what further im-
provements can be made in the branching fraction determi-
nation. This means that additional measurements would be
necessary to separate these two cases. Of course, given
present experimental data, both the ALEPH and CLEO re-
sults allow for a rather broad range oftf .

We can now ask if corresponding conspiratorial regions
exist for any of the more general forms ofVR considered
above. For example, if we calculate theb→sg rate with the
A(m) andD(n) matrices, we obtain the results in Fig. 2. For
theD(n) case, we see that onlyn52 provides such a region.
For the other matrices we find conspiratorial regions when
m51,2,3 for matrixA and p52,3 for matrix B; no such
regions are found for matricesC, E, andF. Note thatm52
in caseA essentially corresponds toVL5VR . We denote
these six conspiratorial cases asVL5VR , A(1,3), B(2,3),
andD(2) for later purposes. It is interesting to note that all
of these cases lead to modest increases@31# in B(b→sg) by

FIG. 3. Differential decay distribution and lepton forward-
backward asymmetry for the decayb→sl 1l 2 in the SM ~solid
line! and four representative models in the LRM parameter space
which yield the SM value for theb→sg branching fraction and
satisfy all other existing experimental constraints:VL5VR

~square-dotted line!, A(1) ~dashed line!, A(3) ~dotted line!, and
D(2) ~dash-dotted line!.
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as much as 75% above the SM prediction at LO. Of course,
in addition to these conspiratorial solutions, we note from
Fig. 2 that a rather wide range oftf is again allowed by
current data from CLEO and ALEPH.

E. b˜sl 1l 2 in the LRM

For b→sl 1l 2, the effective Hamiltonian leads to the
matrix element~neglecting the strange quark mass, but keep-
ing the mass of the leptons!

M5
&GFa

p FC9L
effs̄LgmbL l̄ gml 1C10Ls̄LgmbL l̄ gmg5l

22C7L
effmbs̄Lismn

qn

q2 bRl̄ gml 1L→RG , ~3!

where q2 is the momentum transferred to the lepton pair.
Note thatC9L,R

eff contains the usual phenomenological long-
distance terms and that all the CKM elements are now con-
tained in the coefficients themselves. From here, we can di-
rectly obtain the expression for the double-differential decay
distribution

dB

dz ds
5BlK

3a2

16p2 b~12s!2H @~a2
2 1a1

2 !1~b2
2 1b1

2 !#

3
1

2
@~11s!2~12s!b2z2#@~a2

2 2a1
2 !

2~b2
2 2b1

2 !#bzs14x~a2a11b2b1!

1
4

s2 ~C7L
2 1C7R

2 !~12s!2~12b2z2!

2
2

s
Re@C7L~a21a1!1C7R~b21b1!#~12s!

3~12b2z2!J , ~4!

where z5cosul 1l 2, s5q2/mb
2, x5ml

2 /mb
2, b

5A124x/s, a65C9L
eff6C10L12C7L /s, and b65a6 with

the replacementL→R. As usual,u l 1l 2 is the angle be-
tween the lepton direction and that of the originalb quark in
the lepton pair center-of-mass frame. Multiplication of the
above expression by the total number of producedB mesons
gives the double-differential event distribution. We normal-
ize this rate to the usual semileptonic branching fraction
(Bl50.1023), including finitemc /mb50.29 and QCD cor-
rections withas(MZ)50.118, which are fully included in
the overall normalization parameterK ~see Ali et al. @4#!.
LRM corrections to the semileptonic rate are, of course, also
included; here, the assumption that the mass of the right-
handed neutrino,mN.mb , becomes relevant. For numerical
purposes we takemN5250 GeV in the calculation of the
right-handed box diagram forb→sl 1l 2, but the precise
value ofmN is not important for our purposes of demonstra-
tion.

From this double-differential distribution we can compute
both the lepton pair invariant mass distribution by integration
over z as well as the leptonic forward-backward asymmetry.
The asymmetry is given by the expression

A~s!5

E
0

1 dB

ds dz
dz2E

21

0 dB

ds dz
dz

E
21

1 dB

ds dz
dz

. ~5!

These two observables are shown in Fig. 3 for the SM as
well as for four of the LRM conspiratorial cases discussed
above, assuming massless leptons in the final state. As can
be easily seen, here the predictions of the four LRM cases
are quite distinct from those of the SM, even though they all
yield the same prediction forB(b→sg).

Other observables, such as the longitudinal polarization
asymmetry of thet’s in b→st1t2, can be obtained in a
straightforward fashion from the expressions above and an
L→R augmentation of the expressions provided by Hewett

FIG. 4. Comparison of a typical Monte Carlo event sample gen-
erated with the right-handed mixing matrixB(3) for ~a! the number
of events per bin and~b! the bin averaged asymmetry. Heree andm
final states are summed and the histogram represents the best fit to
the data. A sample of 53108 BB̄ pairs has been assumed.
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@4#. These are the onlyb→sl 1l 2 observables we will
make use of in the analysis below; the possibility of employ-
ing @13# the transverse polarization of thet’s has been ne-
glected. In a similar spirit we ignore the possible information
that one could gain from future photon polarization measure-
ments inb→sg.

IV. ANALYSIS RESULTS

The essential aspects of our procedure can be found in the
work of Hewett@4#, and we closely follow the discussion of
this author. The analysis makes use of the following observ-
ables. For the processb→sl 1l 2, we consider the lepton
pair invariant mass distribution described bydB/ds and the
lepton pair forward-backward asymmetryA(s) for l 5e, m,
and t, as well as thet longitudinal polarization asymmetry
Pt(s). We will neglect them mass for simplicity and directly
combine thee andm samples. We also includeB(b→sg) to
this list of observables. The lepton pair invariant mass spec-
trum is divided into nine bins, which are distributed as fol-
lows. Six bins of equal size,Ds50.05, are taken in the low
dilepton mass region below theJ/c resonance, 0.02<s
<0.32, and three bins are in the high dilepton mass region
above thec8 pole and are taken to be 0.6<s<0.7, 0.7<s
<0.8, and 0.8<s<1.0. By using this set of bins we com-
pletely avoid the regimes where both long-distance and reso-

nance contributions are clearly important.
Our analysis proceeds as follows. For a given conspirato-

rial choice ofVR derived above, we use Monte Carlo tech-
niques to generate binned ‘‘data’’ associated with the above
quantities. For theb→sl 1l 2 observables we assume that
the errors will remain statistically dominated, while forb
→sg we assume a purely systematically dominated error of
7% arising from both experimental and theoretical uncertain-
ties. These distributions are then generated for an integrated
luminosity of either 53107 or 53108 BB̄ pairs; these cor-
respond to the expected total luminosity of a couple of years
of running at futureB factories on theY(4S) and at the
LHC, respectively. Forb→sl 1l 2 the number of events per
bin is given by

Nbin5LE
smin

smax dB

ds
ds, ~6!

and the integrated average value of the asymmetries for each
bin is then

^A&bin5
L

Nbin
E

smin

smax
A~s!

dB

ds
ds, ~7!

where dB/ds can be obtained from the double-differential
expression above.

Once the data is generated for each model, we then per-
form a three-dimensionalx2 fit assuming only the usual
three coefficients are present, i.e.,C7L,9L,10L(m). This is
done according to the usual prescription

x i
25(

bins
S Qi

obs2Qi~CL!

dQi
D 2

, ~8!

whereQi
obs, Qi(CL), dQi represent the ‘‘data,’’ the result of

the expectations for a given set ofC7L,9L,10L(m) values, and
the error for each observable quantityQi . TheC7L,9L,10L are
then varied until ax2 minimum is obtained. Note that there
are 27 bins of data in addition toB(b→sg); allowing for the
three free parametersC7L,9L,10L means that the fit has 25
5271123 degrees of freedom. If the SM were realized, we
would expect such a fit to yield the SM values ofC7L,9L,10L ,
within errors, with a goodx2.25, as was shown by Hewett
@4#. If new physics is present, but the operator basis is not
extended, we would again expect a comparably goodx2 fit at
values ofC7L,9L,10L which would now exclude the SM at
some confidence level. In our case with an extended operator
basis we would hope that the best fit obtained by varying
these three coefficients alone is not very good, thus demon-
strating that the three-parameter fit is insufficient.

We now give a few examples of this type of analysis. We
first consider a typical Monte Carlo data sample generated
for the matrix B(3), assuming 53108 BB̄ pairs are pro-
duced, and examine the results of the best fit. This is shown
in Fig. 4 for the two observablesN andA for combinede and
m data samples. Note that in the lows bins the best fit un-
derestimates~overestimates! the number of events at the low
~high! energy end and generally underestimates the asymme-

FIG. 5. Same as the previous figure, but now for matrixA(1).
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try. Combining all of the observables, this particular ‘‘data’’
set leads to ax2/NDF of 187.1/25. We note that for 25NDF,
x2 values of 37.65~44.31, 52.61, 60.14! correspond to prob-
abilities of a consistent fit of 5%~1, 0.1, 0.01!%, respec-
tively. Thus it is clear that for this particular sample the
‘‘data’’ are not consistent with the assumption of only three
active operators and that an extended operator basis is re-
quired.

Figures 5 and 6 show examples of generated data and the
corresponding best three-parameter fits for the right-handed
matricesA(3) andD(2). In both these cases the best fits are

simply incapable of obtaining the correct shape presented by
the data. For these two cases thex2/NDF from these fits are
found to be 1187.2/25 and 764.1/25, respectively, for a
sample of 53108 BB̄ pairs. Thus we again see that these
particular data sets are not consistent with the three-Wilson-
coefficient-fit hypothesis.

Of course, to really ascertain if the new physics of the
extended operator basis should be visible, we need to gener-
ate many sets of data for each of theVR assumptions and
determine the fraction of the time that the resultingx2 values
exceed those listed above for each of the fixed probabilities.
To be specific we generate 1000 sets of data for each of the
models above and perform thex2 fitting procedure for each
data set. For very large data samples, i.e., for 53108 BB̄
pairs, we find that for all of the above choices ofVR we
obtain fit probabilities below 0.01% almost 100% of the
time. This means that it would be quite clear in this case that
an extended operator basis is required. For smaller data
samples, i.e., for 53107 BB̄ pairs, the results are much more
model dependent and are given in Table II. It seems that
VL5VR represents the worst case scenario.~To test the sta-
bility of our results, we generated 10 000 sets of data for this
case and confirmed the results shown in Table II.! Obvi-
ously, it is quite important to decide at what level of prob-
ability one is willing to exclude the three-operator fit before
drawing any conclusions about an extended operator basis.
However, it is clear that even for very low probabilities,
;0.01%, we see that the three-parameter fit will fail on av-
erage a reasonable fraction,;45%, of the time.

V. DISCUSSION AND CONCLUSIONS

The inclusive rare decaysb→sg and b→sl 1l 2 have
been and will continue to be subjects of intense interest since
they offer unique opportunities to probe for new physics be-
yond the standard model. Both these decay modes are quite
clean theoretically, and futureB factories will produce large
event samples in both cases, allowing for in-depth studies of
their associated observables. As we know, in the SM and in
many of its extensions, these decay observables can be ex-
pressed in terms of only threea priori unknown parameters,
corresponding to the values of the Wilson coefficients of

FIG. 6. Same as the previous figure, but now for matrixD(2).

TABLE II. Fraction of the time the effects of the extended operator basis are observable, with different
choices of the consistency of fit probabilities, for each of theVR choices described in the text assuming a
sample of 53107 BB̄ pairs. These results are based on 1000 Monte Carlo data samples for each of the
models.

Matrix P55% P51% P50.1% P50.01%

VL5VR ;39% ;23% ;11% ;6%
A(1) ;100% ;100% ;100% ;100%
A(3) ;90% ;76% ;51% ;30%
B(2) ;47% ;28% ;15% ;8%
B(3) ;92% ;80% ;56% ;36%
D(2) ;100% ;100% ;100% ;99%
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three operators at the scalem;mb . The global fit approach
provides the best model-independent technique for obtaining
the values of these coefficients at the low scale, which can
then be compared with the expectations of a given model. In
this paper we have demonstrated, using the left-right sym-
metric model as an example, that with the statistics available
at futureB factories it will be possible to observe the rather
unique situation where this global fit to the canonical three
coefficients fails. This result would tell us that not only does

new physics exist beyond the SM, but that this new physics
requiresan extended operator basis.
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